This work demonstrates that electrical muscle stimulation in the muscle. When dextran was injected together with the markedly increases the transfection efficiency of an intraplasmid DNA, it was also taken up by the transfected fibmuscular injection of plasmid DNA. In soleus or extensor ers. Stimulation-induced membrane permeabilization and digitorum longus muscles of adult rats the percentage of increased DNA uptake were therefore probably respontransfected fibers increased from about 1 to more than 10.
Introduction
The ability of muscle cells to take up and express foreign DNA for extended periods of time in vivo is well documented. 1 This capability has caused optimism since it may be exploited for vaccination and gene therapy. 2 Results from several animal models of human disease have supported this optimism. For example, muscles have been transfected in vivo to produce decorin to prevent fibrotic disease in rat kidney, 3 erythropoietin to increase hematocrit values in mice, 4 or dystrophin to improve muscle cell survival in mdx mice. 5 Successful immune protection has been obtained against viral and bacterial infections with DNA encoding proteins from several different strains of virus and bacteria. 6 In general, however, the level of transfection after an intramuscular injection of DNA is variable and low. It is too low, for example, to cure inherent muscle diseases such as Duchenne's muscular dystrophy. 7 Different methods have been devised to improve the transfection efficiency. One method is to induce muscle regeneration and later transfect the regenerating fibers. 8 Although efficient in animal models, 9 this method has obvious clinical limitations as it requires muscle necrosis. The use of certain viral vectors leads to more efficient transfection compared with naked DNA. 10 Viral vectors, however, can have side-effects; they are less stable, and may be more laborious when large-scale production or cloning is required.
Electropermeabilization is used widely to transfect bacteria or cells in culture. High electric fields are applied across cell membranes to create a large transmembrane potential that allows DNA to enter, probably through
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Received 2 September 1998; accepted 26 October 1998 transient pores. 11 Electropermeabilization has been applied previously in vivo to transfect melanoma cells, 12 brain tumor cells, 13 liver cells 14 and recently to mouse skeletal muscle. 15 The aim of the present study was to develop an efficient method of electropermeabilization for delivery of DNA to skeletal muscles in vivo. The aim was not only to increase the transfection efficiency, but also to bring it under control so that the number of transfected muscle fibers and thereby the amount of protein produced could be controlled.
Results
Electrical muscle stimulation increases transfection efficiency Fifty micrograms of the plasmid pAP-lacZ encoding the Escherichia coli ␤-galactosidase (lacZ) gene, was injected into the soleus muscle of adult rats. Immediately after injection, the muscles were exposed to trains of bipolar electrical pulses delivered by a pair of silver wires, one on each side of the muscle. Two weeks later, histochemical detection of the lacZ gene product revealed that increasing numbers of electrical stimuli resulted in increased expression of ␤-galactosidase (Figure 1 ). In one experiment the total number of pulses applied to the muscle was increased by increasing the frequency of pulses in each train from 10 to 1000 Hz while the duration of each train (1 s) was kept constant (Figure 1, Figure 2a (ć)). In another experiment the number of pulses was increased by increasing the duration of each train from 10 to 1000 ms while the frequency of pulses in each train (1000 Hz) was kept constant (Figure 2a (í) ). The duration of each pulse was in both cases 400 s. The number of transfected fibers increased with the increasing number of stimuli in either case. In a second series of experiments, the pulse duration was varied between 10 and 400 s, while the number of pulse trains, frequency and number of pulses in each train were kept constant. In muscles removed 1 week after stimulation, the number of lacZ-positive fibers increased with increasing pulse duration (Figure 2b ). Soleus and EDL muscles responded similarly and the results were therefore grouped.
In a third series of experiments, the pulse duration was increased from 100 to 4000 s, while the number of trains, frequency, and number of pulses in each train were kept constant. Luciferase activity declined when pulse duration was increased above 400 s (Figure 2c ). The muscles displayed necrotic areas 3 days after transfection that increased in size with increasing pulse duration (data not shown). This increase in muscle damage may account for the reduced efficiency of the longest electrical pulses.
In a fourth series of experiments, the effects of 10 long (2-40 ms) single pulses were compared with the effects of 10 high frequency (1000 Hz) trains of 1000 short (0.4 ms) pulses, using RSV-Luc as the reporter gene. Luciferase activity, and thus transfection efficiency, increased with increasing single pulse duration (Figure 2d ) such that 10 long (40 ms) single pulses were as effective as the 10 high frequency trains of short pulses even though the 
s (). The muscles were examined 7 days after DNA injection and electrical stimulation (n = 3). (b) Number of lacZ-expressing fibers in cross-sections of soleus and EDL muscles 7 days after DNA injection and electrical stimulation (n = 4). The stimulation consisted of 15 000 pulses of increasing duration (10-400 s) given as 15 trains at 1000 Hz every 2 s. (c) Luciferase activity in homogenates of EDL muscles 3 days after injection of the RSV-Luc expression vector and electrical stimulation (n = 4). Muscles were either unstimulated () or stimulated (ć) with 3000 pulses delivered as 100 pulses at 100 Hz every 2 s with the pulse duration increasing from 100 s to 4 ms. (d) Luciferase activity in homogenates of soleus muscles 3 days after injection of the RSV-Luc expression vector and electrical muscle stimulation (n = 4). Muscles were either unstimulated () or stimulated with 10 pulses of increasing duration (2-40 ms) every 2 s (ć) or 10 000 pulses delivered as 1000 pulses at 1000 Hz every 2 s (b). Luciferase activity is plotted against the sum of every pulse duration in each experiment (cumulative pulse duration). The degree of damage in these muscles is illustrated in Figure 4d. Symbols in a-d are mean values
cumulative duration of the single pulses was 10 times shorter (0.4 s) than the cumulative duration of the pulses in the trains (4 s).
The results of these series of experiments show: (1) that transfection efficiency can be increased by electrical muscle stimulation; (2) that the effect can be graded by varying the number or duration of the electrical pulses; and (3) that the cumulative pulse duration necessary to obtain a certain level of expression is dependent on the pulse pattern.
Increased DNA uptake is due to electropermeabilization The increased uptake of DNA during electrical muscle stimulation might be related to concomitant muscle contraction. This possibility was ruled out, however, in muscles in which comparable contractions were evoked by stimulating the nerve with an identical stimulation pattern. Under these conditions the number of transfected fibers did not increase (Table 1 , series 5).
Increased DNA uptake might also be related to muscle damage induced by the electric field. This possibility was investigated by stimulating the muscle 10 min before rather than immediately after DNA injection. In this case the stimulation did not increase the number of transfected fibers (Table 1 , series 6). The injection of fluid was not controlled for but damage induced by the electric field may be assumed to be present. It thus appears that muscle damage induced by the electric field and subsequent regeneration is not responsible for the increased transfection efficiency.
To determine whether the increased expression was due to improved uptake of DNA caused by electropermeabilization, fluorescent Rhodamine-labeled dextran was added to the solution containing a plasmid encoding the Soleus and EDL were stimulated with 30 trains of 100, 0.4 ms long, bipolar pulses at 100 Hz after injection of the plasmid pAP-LacZ. Number of transfected fibers were counted in a 1-mm thick cross-section from the middle of the muscle 14 days after DNA injection. n, number of muscles. a Statistical difference between groups receiving different treatment in each series was tested using Wilcoxon signed rank test.
green fluorescent protein, phCMV-GFP. In that case all fibers expressing GFP also contained dextran. In addition, a clear correlation between the intensities of GFP and Rhodamine fluorescence was observed in some areas of the cross-sections (Figure 3a, b) . These results strongly indicate that the level of expression reflects the amount of DNA entering the cells and that the improved uptake is due to electropermeabilization.
Electrical muscle stimulation causes varying amounts of muscle damage
Muscles examined 3 days after injection of DNA and electrical stimulation contained regions of necrotic fibers. An example is shown in Figure 4a in which the majority of the surviving fibers expressed the injected DNA ( Figure  4b ). Necrotic fibers never expressed the reporter gene. In muscles receiving 10 single pulses of increasing duration (2-40 ms), the necrotic area increased with increasing pulse duration (Figure 4d ). Further increase in pulse duration will, at a certain stage, cause so much damage that it will limit the number of fibers that survive to express the reporter gene and thereby cause a decline in transfection efficiency. This could be the reason for the reduced luciferase activity observed with longer pulse durations in Figure 2c . The necrotic area was larger after stimulation with 10 single pulses of long duration (40 ms) than after 10 trains of 1000 pulses of short duration (400 s), although the cumulative duration of the pulses in the trains was 10 times longer than the cumulative duration of the single long pulses (Figure 4d ). Although the single long pulses caused greater muscle damage, they increased the transfection efficiency in the whole muscle as much as the stimulus trains (Figure 2d ). When similarly treated muscles were examined after 2 weeks, they appeared grossly normal (Figure 1) , while cross-sections contained regions of muscles fibers with central nuclei indicating that the areas damaged by the stimulation had regenerated (Figure 4c ). These results show that the electrical stimulation used here to make muscle fibers permeable to DNA, and thereby increase transfection efficiency, caused varying amounts of muscle damage. The damage, however, was rapidly repaired. Only fibers that survived the stimulation became transfected and high frequency trains of shorter pulses created less damage than single long pulses.
Discussion
Injection of foreign DNA into skeletal muscles leads to uptake and expression of the DNA in about 1% of muscle fibers. A main result of the present study is that this per-
Figure 4 Cross sections from soleus muscles 3 (a and b) and 14 days (c) after injection of the vector phGFP S65T and electrical stimulation of the muscle. The stimulation consisted of 1000 pulses at 1000 Hz every 2 s for 30 s, each pulse lasting for 400 s. After 3 days nearly all the surviving fibers seen in (a) express GFP, while no GFP expression was observed in regions containing necrotic fibers (b). (c) After 14 days necrotic areas have been replaced by regenerated fibers with central nuclei. Cross-sections in (b) and (c) are stained with eosin and hematoxylin. (d) Necrotic areas in muscles from the experiments presented in Figure 2d are expressed as the per cent of the total cross-sectional area and plotted against cumulative pulse duration. Muscles were either unstimulated () or stimulated with 10 pulses of increasing duration (2-40 ms) every 2 s (ć) or 10 000 pulses, each lasting 400 s, delivered as 1000 pulses at 1000 Hz every 2 s (b). Symbols in (d) are mean values ± s.e.m., n = 4, the difference between the points at 400 ms and 4 s is statistically significant, paired t test (P Ͻ 0.05). Scale bar: 100 m.
centage increased more than 10-fold in muscles stimulated electrically immediately after the DNA injection. Under these conditions, not only did many more muscle fibers take up DNA, they also took up co-injected dextran in relation to the amount of foreign DNA that they expressed. Indirect muscle activation through the nerve was ineffective as was direct stimulation applied 10 min before DNA injection. These findings strongly indicate that the stimulation increased the DNA uptake by increasing the membrane permeability of the muscle fibers. A second main result of this study is that transfection efficiency can now be controlled. Thus, a linear increase in DNA expression was obtained by increasing either the number or the duration of electrical pulses applied to the muscle. Such control is likely to become important for many purposes of basic research and clinical applications. Although electropermeabilization has been used extensively in vitro it has only recently be applied in vivo. The electrical parameters used in this study, however, are different from most electropermeabilization protocols. The electric field strength is less than 30% of that which most investigators have used before to transfect cells in vivo, [12] [13] [14] but similar to that used in an animal model (about 150 V/cm) to study membrane changes and possible ways to restore membrane properties in skeletal muscle after electrical trauma. 16 The field strength was also similar to that described in a recent work as being optimal for mouse skeletal muscle. 15 The relatively large diameter of muscle fibers may explain why these cells need lower electric field intensities than smaller cells to become permeable to DNA. In other studies of in vivo electropermeabilization, multiple unipolar square wave pulses were used, whereas trains of bipolar pulses at up to 1000 Hz were used in this study. A report from work on NIH 3T3 cells in vitro shows that oscillating electric fields at high frequency (60 kHz) leads to better transfection than multiple unipolar or single square wave pulses. 17 The stimulation procedures used in this study resulted in varying degrees of muscle necrosis. High frequency trains of electrical pulses caused less damage than single long pulses for the same cumulative pulse duration. Even if some muscle damage is unavoidable, this complication may not present serious obstacles for two reasons. First, 2 weeks after the stimulation the muscle fibers appeared nearly normal except for central nuclei in some areas. These areas can be expected to reach normal structure and function after 3 weeks. 18 Second, some damage may be advantageous in DNA vaccination because antigenpresenting cells and other immune cells may be recruited to the damaged areas and thereby promote immune reaction.
The electrical parameters used in this study were sufficient to transfect nearly all the muscle fibers in undamaged parts of the muscles. It is therefore likely that the present method can be improved by developing more suitable electrodes and optimizing stimulation parameters. Using the present method, rabbit muscles have been transfected with a construct overexpressing rat neural agrin. Antibodies against this protein were detected in the serum 4 weeks after immunization with increasing titer the following months (Mathiesen and Danbolt, unpublished observations). Experiments are in progress to test the importance of different amounts of antigen in inducing immune response. The ability to grade the amount of proteins produced by the muscle is also being tested using a secreted hormone.
Materials and methods
Animal surgery and DNA injection Male Wistar rats (100-300 g, B & K Universal, Sollentuna, Sweden) were anesthetized with equithesin (165 mg chloral hydrate, 84 mg magnesium sulphate, and 40 mg pentobarbital per kg body weight, i.p.). A 2-3 cm skin incision was made on the lateral side on each leg. EDL and/or soleus muscles were exposed and 50 l of plasmid DNA in 0.9% saline was injected into the muscles with a Hamilton syringe through a 29G needle (Hamilton, Bonaduz, Switzerland). The concentration of DNA was 1 g/l for pAP-lacZ and 0.5 g/l for RSVLuc and GFP. Electrodes for direct muscle stimulation were placed on each side of the muscle perpendicular to the muscle fibers (see below). The muscles were exposed so that the electrodes could be moved manually along the muscle between trains of stimuli. Three to 14 days later the rats were given a lethal dose of anesthetics and the muscles were removed and the animals were killed by cervical dislocation.
The experiments were conducted to conform with the laws and regulations controlling experiments and procedures in live animals in Norway.
Electrical stimulation
Two non-insulated silver wires, 2.5 mm apart, each 1 cm long (diameter 0.6 mm), were connected to a Hear 6bp-as stimulator (Frederick Hear, Bowdoinham, ME, USA) and used for electrical stimulation. The resistance between the electrodes in situ was less than 1 kOhm and variable. The stimulator was used in the constant voltage mode which requires a resistance larger than 3 kOhm.
The output voltage was therefore limited by the maximal current output (50 mA), and varied between 25 and 45 V. The pulse amplitude was measured using a data acquisition program (LabView 2.1.1; Austin, TX, USA) on a Macintosh IIx computer. Bipolar pulses of varying number, duration and frequency were applied with 2 s intervals within 45 s after DNA injection (see Figure legends for details). Control experiments consisted of unstimulated muscles, muscles stimulated directly 10 min before DNA injection or through the sciatic nerve immediately after DNA injection. Both hind legs were used to allow for paired comparison analysis.
Plasmids
The plasmid pAP-lacZ contained the E. coli ␤-galactosidase (lacZ) coding sequence driven by the RSV promoter. 19 The plasmid phGFP S65T (Clontech, Palo Alto, CA, USA) contained the CMV promoter driving an optimized coding sequence for green fluorescent protein (GFP). 20 The plasmid encoding luciferase, RSV-Luc, was driven by a RSV promoter. 21 These vectors were obtained from transformed E. coli, of the strain XL1-blue (Stratagene, La Jolla, CA, USA), after purification on double cesium chloride gradients, Jetstar (Genomed, NC, USA) or Quiagen maxiprep (Quiagen, Valnecia, CA, USA). When results from different experimental manipulations were compared, only DNA from the same batch was used.
Assessment of foreign protein activity ␤-Galactosidase expression was visualized in whole mounts as described. 22 After staining, the muscles were photographed and a 1 mm thick cross-section from the area with the strongest blue staining was placed under a dissection microscope. The section was dissected into small bundles so that individual fibers could be distinguished. Based on visual inspection the number of transfected fibers was counted.
Luciferase activity was measured in homogenates from frozen muscles using Promega luciferase assay kit (Promega, Madison, WI, USA). Each muscle was homogenized in 1 ml of reporter lysis buffer (Promega). After centrifugation, 20 l of the supernatant were mixed with 100 l of luciferase assay reagent. Photo emission was measured during a 10 s period using a TD-20/20 Luminometer (Turner Designs, Sunnyvale, CA, USA).
GFP expression was observed on 12 m thick cryostat sections with a fluorescence microscope (Olympus AX 70; Olympus Optical, Hamburg, Germany). The sections were air-dried after sectioning and inspected dry to avoid leaching of GFP to neighboring cells. To investigate if molecules other than plasmid DNA could enter the cells during electropermeabilization, Rhodamine-conjugated dextran (2 g/l, D-3312; Molecular Probes, Eugene, OR, USA) was sometimes injected together with the plasmid phGFP S65T.
Muscle morphology was examined in 12 m thick cryostat sections stained with hematoxylin and eosin. Necrotic areas were expressed as the per cent of the total cross-section using OpenLab software (Improvision, Coventry, UK) after manually outlining areas on a digital video image captured with a Photonic Color View cooled CCD camera (Photonics Science, East Sussex, UK).
